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INTRODUCTION 
Biosynthesis of the red pigment prodigiosin produced by 
the bacterium Serratia marcescens has been under investiga­
tion for several years. Prodigiosin has been recently 
reviewed by Williams and Hearn (22), Biosynthesis of 
prodigiosin involves two different pathways to the immediate 
precursors, 4-raethoxy-2,2•-bipyrrole-5-carboxaldehyde(%BC) 
and 2-methyl-3-amylpyrrole(MAP), plus the coupling enzyme 
of the last step to form prodigiosin (see Figure 1). 
Relatively few isotopic investigations have been carried out 
on the biosynthesis of prodigiosin. The first work presented 
by Hubbard and Rimington (7) was interpreted as indicating 
that the pyrrole rings were formed by the standard metabolic 
pathway leading to the pyrroles of porphyrins, namely from 
glycine and succinate via delta-aminolevulinic acid. Further 
isotopic labeling experiments (9, 15), however, demonstrated 
that delta-aminolevulinic acid was an unlikely precursor 
for any of the pyrrole rings of prodigiosin and have left 
open the question of the origin of each of the pyrrole 
rings, while narrowing down some of the possibilities. 
One purpose of this work was to develop a system for 
studying incorporation of isotope from possible precursors into 
each of the final precursors of prodigiosin, and to compare 
results using the system of the dual-chamber with results 
Figure 1. Proposed scheme for biosynthesis of prodigiosin 
by Serratia marcescens strains 
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obtained in other systems^ particularly by Bogarad and co­
workers (9, 15). 
Initial experiments would thus be concerned with in­
corporation of isotope from simple labelled compounds such 
as proline and glycine. Later experiments would extend 
the use of the system to studies of more efficient pre-
pyrrolic precursors of prodigiosin. Finally, attempts 
would be made to isolate labelled intermediates between 
pre-pyrrolic precursors and the known pyrrolic inter­
mediates (namely, MAP, MBC, and HBC, the hydroxy analog 
of MBC) piled up by certain S. marcescens mutants. 
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REVIEW OF LITERATURE 
Prodigiosin was first isolated by Wrede and Hettche 
(24) who also prepared several salts of the pigment. Wrede 
and Rothhaas (25) proposed a tripyrrylmethene structure for 
the pigment on the basis of spectral data. This structure has 
now been rejected in favor of a linear arrangement of the 
three pyrrole rings (17). Final elucidation of prodigiosin 
structure was due in part to the existence of mutants of 
£. marcescens which accumulate prodigiosin precursors. 
Santer and Vogel (14) isolated a dipyrrolic compound that 
was excreted by mutant 933 and was shown to be a precursor 
of prodigiosin. Wasserman et al. (16, 17) identified 
this compound as MBC and were able to condense it with MAP 
to form prodigiosin. In 1962 Rapoport and Holden (13) 
confirmed the structure of prodigiosin by synthesizing MBC 
and condensing it with synthetic MAP. Preparation of 
synthetic prodigiosin established the pyrryldipyrrylmethene 
structure and eliminated prodigiosin as a model of a possible 
tripyrrylmethene intermediate in porphyrin synthesis. 
In 1949 Hubbard and Rimington (7) had reported that the 
nitrogen and the methylene carbon atoms of glycine were 
utilized for biosynthesis of prodigiosin whereas the 
carboxyl carbon atom was not. They also found that both 
carbon atoms of acetate were incorporated into the pigment. 
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Since similar observations had been made in studies of heme 
biosynthesis, Hubbard and Riraington suggested that the 
pyrrole rings of prodigiosin could be derived from delta-
aminolevulinic acid via the initial steps in porphyrin 
biogenesis. Experiments by Marks and Bogorad (9) confirmed 
the incorporation of glycine-2-C-14 into prodigiosin but 
showed that 5-aminolevulinic acid-5-C-14 was not incorporated 
into the pigment. 
In 1963 Shrimpton et al. (15) through a series of 
isotope incorporation experiments demonstrated unequivocally 
that although delta-aminolevulinic acid was capable of 
penetrating the membrane of S. marcescens, it was not used 
in the formation of prodigiosin. These workers drew 
several conclusions from their experiments: the methylene 
carbon of glycine was used about equally well in formation 
of both MBC and MAP; carbon atom 2 of proline and maybe 
the entire ring of proline was incorporated into MAP; and 
hydroxyproline was not utilized in the formation of MBC. It 
was also found that glutamate was not utilized for pigment 
formation even though proline and ornithine were incorporated 
into prodigiosin. This finding seems rather surprising in 
view of the usual biochemical interconvertibility of these 
three five-carbon amino acids. 
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EXPERIMENTAL 
Materials 
Organisms 
The microorganisms used in this work were supplied by 
Dr. Robert P. Williams of Baylor University College of 
Medicine. Serratia marcescens mutants strains WCF and OF 
have been previously described by Williams and Green 
(19, 20) and were obtained by ultraviolet irradiation of 
wild-type strains. The parent strain, S. marcescens strain 
NIMA produces a red pigment identified as prodigiosin. 
S. marcescens 933 is a non-pigmented mutant that accumulates 
4-methoxy-2,2•-bipyrrole-5-carboxaldehyde(MBC), the final 
bipyrrole precursor in the biosynthesis of prodigiosin. 
Mutant WCF is a non-pigmented strain that produces 
2-methyl-3-amylpyrrole(MAP) the final monopyrrole precursor 
in the biosynthesis of prodigiosin. 
Mutant OF is an orange variant that produces the 
abnormal pigment norprodigiosin and 4-hydroxy-2,2 
bipyrrole 5- carboxaldehyde(HBC), a dipyrrole prodigiosin 
precursor. 
Media 
Williams' medium Williams' medium (19) consisted 
of: yeast extract, 0.1 per cent; enzymatic casein hydrolyzate, 
0.2 per cent; glycerol, 1.0 per cent,ammonium citrate, 0.5 
per cent; dipotassium phosphate, 1.0 per cent; sodium chloride, 
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0.5 per cent; magnesium sulfate heptahydrate, 0.05 per 
cent; and ferric ammonium citrate 0.005 per cent; made up in 
deionized water. The final pH of the medium was adjusted 
to 7.0. 
Harned * s medium Harned's medium (6) consisted of: 
D-mannitol, 2.0 per cent; bacto-neopeptone, 1.0 per cent; 
and magnesium sulfate-heptahydrate, 0.125 per cent; made 
up in deionized water. The final pH was adjusted to 5.0 
with 3N hydrochloric acid. 
Solid media Solid media contained, in addition to the 
above, 2.0 per cent agar for surface cultures or 1.2 per 
cent agar for stock cultures. 
Instruments and reagents 
All reagents used were either CP or Analytical grade 
unless otherwise stated. Skelly B (Skelly Oil Co.) was 
redistilled at 65-67®. The diatomaceous earth used for 
column chromatography was prepared according to the method of 
Worthington (23) from "Hy Flo Super-cel" f ÎTohns Manville),. 
L-Proline-C-14(U), glycine-2-C-14, and D-glucosamine-l-C-
14 were purchased from Nuclear Chicago. 
DL-Proline-carboxyl-C-14 was purchased from the Volk 
Radiochemical Company. 
Ultraviolet-visible spectra and absorbance measurements 
were obtained on a Calj^ Model 15 recording spectrophotometer, 
a Beckman DB recording spectrophotometer, or a Beckman DU 
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spectrophotometer. 
Infrared spectra were obtained in KRr pellets on a 
Perkin-Elmer Model 21 double beam spectrophotometer. 
The pH measurements were made with a Beckman Model 76 
expanded scale pH meter. 
Bacterial cells were harvested from broth cultures on a 
Lourdes Beta-fuge Model A-2 with a 9RA-head (15,000 r.p.m.) 
or VRA head (10,000 r.p.m.). Concentration of solutions was 
accomplished on a Rinco Vapsilator Model M70 with a bath 
temperature of not more than 40®. 
Shake cultures were grown in a New Brunswick gyrotory 
shaker Model G-25. 
Radioactive samples were counted with a windowless 
gas-flow detector in a Nuclear Chicago Model D-47 Sample 
change coupled with a Nuclear Chicago Model 161 A Scaler. 
Radiochromatograms were checked on a Packard Radio-
chromatogram Scanner model 7201. 
General Methods 
Cultures 
Frozen stock and working cultures Frozen working 
cultures of strains 933, WCF, and OF were prepared by 
inoculating 15-ml screw-cap tubes, each containing 3 ml of 
Williams' medium, with Williams' agar stock slants of the 
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individual mutants. The cells were allowed to grow for 
24 hours and were then quick-frozen in a dry ice-acetone 
bath and stored in a freezer. 
Inocula Cultures for inoculation of either shake 
flasks or surface cultures were prepared by inoculating 
15-ml screw-cap tubes, containing 5 ml of Williams' medium, 
with 0.1 ml of 933, OF, or WCF from a thawed working culture. 
Broth cultures Sterile, cotton-stoppered, 2-1 
Erlenmeyer flasks containing 400 ml of Harned's medium 
were inoculated with a 2 ml of a Williams' 18-hour tube 
inoculum of the proper mutant. The flasks were shaken in 
the dark for 48 hours at 28-29® at a speed setting of 6. 
Surface cultures in dual chamber Cells of 933 and 
WCF were grown in Pyrex baking dishes having a diameter of 
215 mm and a depth of 75 mm. In the center of each plate 
was placed a 125 x 65 mm crystallizing dish. Two hundred 
ml of Harned's agar medium was poured into the crystallizing 
dish and an equal amount of Harned's agar medium was poured 
into the surrounding baking dish. The cover was sealed 
with tape and the plate autoclaved. After cooling, each plate 
was inoculated in the inside chamber with 1 ml of a 
Williams' 18-hour tube inoculum of 933, and in the 
outside chamber with 1 ml of a Williams' 18-hour tube 
inoculum of WCF. Plates were incubated in the dark at 27-28® 
for four days. At the end of this time the red pigment 
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prodigiosan was harvested from the crystallizing dish. 
Preparation of culture filtrate 
To obtain cell-free culture filtrates for pyrrole, 
feeding-factor, and prodigiosin precursor determinations, 
the contents of 2-1 Erlenmeyer flask shake cultures were 
poured into 250-ml plastic centrifuge bottles and centri-
fuged at 10,000 r.p.m, for 30 min with the VRA head of the 
Beta-fuge, The supernatant was then carefully decanted 
and transferred into a 2-1 Erlenmeyer flask for further 
determinations. 
Paper chromatography 
Whatman No. 1 sheets of paper were used throughout this 
work. Full-sized chromatograms (51.5 x 46.5 cm) were 
developed by the ascending technique in Chromatocabs in 
the dark at 25*. Solvents were removed by air-drying in a 
fume hood. 
Detection of pyrroles 
Ehrlich spray reagent was used to detect pyrroles on 
paper chromatograms. The basis of the test is the acid-
catalyzed condensation of p-dimethylaminobenzaldehyde with 
pyrroles having a free alpha position, leading to the 
formation of a colored dye. The spray reagent consisted of 
one gm. of p-dimethylaminobenzaldehyde dissolved in 100 ml of 
1 N methanolic HCl (8.4 ml of concentrated HCl diluted to 
100 ml with absolute methanol). 
12 
Extraction of prodigiosin 
The pigmented cells were washed from the surface culture 
with 30 ml of 0.9% NaCl. Fifty ml of acetone was added to 
the cells and the mixture was stirred for 3 hours at room 
temperature, then centrifuged at 15,000 r.p.m. for 30 
minutes using the Beta-fuge 9RA-head, The cell debris 
was saved for protein determinations.^ The supernatant was 
transferred to a separatory funnel. The total acetone 
solution was diluted with an equal volume of distilled water 
and made alkaline by addition of 3N NaOH until the color 
changed from deep red to yellow-orange. Repeated extractions 
with 50-ml portions of Skelly B were carried out until no 
more pigment could be removed from the aqueous acetone 
layer. The Skelly B extracts were pooled and dried over 
anhydrous NagSO^ for several hours. The NagSO^ was 
filtered off and the Skelly B extract was concentrated to 
approximately 40-50 ml on a roto-evaporator. The pigment 
was ready for further purification. 
Purification of prodigiosin 
Prodigiosin was purified according to Hubbard and 
Rimington's (7) method which was slightly modified. The 
pigment was extracted from Skelly B with 85% ethanol con­
taining 10% NaOH. The layers were separated, and the 
alkaline ethanolic solution was diluted with an equal volume 
of water and extracted with Skelly B. The pigment in Skelly 
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B was then extracted with 85% ethanol containing 1% glacial i 
acetic acid until no more pigment could be removed. The 
deep-red ethanolic solution was then diluted with an equal 
amount of water, treated with 3N NaOH until the color changed 
to orange and extracted once more with Skelly B. The com­
bined Skelly B extracts were dried over anhydrous NagSO^ for 
several hours and then concentrated to dryness on a roto-
evaporator. 
Column chromatography of prodigiosin 
The pigment was further purified by column chromatography 
on diatomaceous earth. A 2 x 15 cm column was packed by 
pouring a slurry of diatomaceous earth with Skelly B and 
stirring with a glass rod to insure uniformity. Packing 
was aided by air pressure applied to the top of the column. 
The prodigiosin pigment as a free base was dissolved in 3 
ml Skelly B and applied to the column. Development of the 
column with Skelly B separated a major orange fraction 
that was eluted with this solvent and a minor red fraction 
that stayed adsorbed on the top of the column. 
The major orange fraction was identified as prodigiosin 
in its basic form. The orange solution was evaporated to 
dryness and was ready to use for further determinations. 
The red fraction was eluted with 95% ethanol and 
identified as the acid form of prodigiosin. The red band 
arose as a result of partial conversion of the free base to 
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the acid form as the pigment passed through the adsorbent. 
Preparation of samples of protein for radioactive counting 
Cells harvested by centrifugation were washed three 
times with 0,9% NaCl and then dissolved in IN NaOH by 
stirring with a glass rod at room temperature. The alkaline 
protein solution was brought to pH 7.0 with 4N HCl and 
diluted with distilled water to a final volume of 100 ml. 
A 5-ml aliquot of the protein solution was precipitated 
with 20 ml of cold 10% trichloroacetic acid (TCA) according 
to Greenberg (5). The mixture was heated for 30 minutes 
in a steam-bath. The TCA-protein precipitate was centri-
fuged and resuspended twice in 10 ml of cold 5% TCA. The 
precipitate was washed once with 8 ml of 95% ethanol, three 
times with 8 ml of 1:1 ethahol-ether, and finally once with 
8 ml of ether. During the first 5% TCA wash, the tubes 
were heated for 15 minutes at 90® to eliminate nucleic acid 
components. After the ether-wash the protein precipitate 
was dried under an infrared lamp and then dissolved in 2 ml 
of formic acid, A 1-ml aliquot of this solution was plated 
and counted in a windowless gas flow counter (efficiency 39%). 
No corrections were made for self-absorption or geometry. 
Protein determination with the Lowry reaction 
Protein was measured in this investigation by the Lowry et 
al. method (8). Determinations were carried out on TCA-protein 
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precipitates obtained from the cells through the same pro­
cedure described in the preparation of protein samples for 
radioactive counting. Reagents - Reagent A, 2% NagCOg 
in 0.10 N NaOH - Reagent B, 0.5% Cu SO^-SHgO in 1% potassium 
tartrate. Reagent C, alkaline copper solution (50 ml of 
Reagent A mixed with 1 ml of Reagent B, discarded after 1 
day). Reagent E, diluted Folin reagent (Folin-Ciocalteau 
phenol reagent, Eimer and Amend, Fisher Scientific Company, 
New York, titrated with NaOH to a phenolphthalein end-
point and diluted on the basis of this titration about 
2-fold to make it IN in acid). 
Procedure - The TCA-protein precipitate (obtained from 
a 5-ml aliquot of the 100-ml alkaline protein solution and 
washed with 95% ethanol, a mixture of 1:1 ethanol-ether, 
and ether) was dissolved in 0.20 ml IN NaOH, Distilled 
water (0.3 ml) was added to bring the volume of the sample 
to 0.5 ml. First, 2.5 ml of reagent C was added and the 
mixture was shaken and allowed to stand at room temperature 
for 10 minutes. Then 0.25 ml of reagent E was added very 
rapidly and mixed within 1-2 seconds. After 30 minutes the 
absorbance was read at 500 my as an appropriate reagent 
blank, A 0,1% serum albumin solution was used as standard. 
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Pigment Production by Serratia marcescens 
Mutant Pair WCF/933 
After 48 hours of growth in a dual chamber prepared 
as described in General Methods, pigmentation in the 933 
culture was very heavy. The cells were washed from the 
agar surface and harvested by centrifugation. Pigment 
was extracted from the cells and purified as described 
for prodigiosin in the General Methods section. 
Electronic absorption spectra of the pigment and of 
authentic prodigiosin from S. marcescens strain Nima were 
obtained in methanol-0.OIN HCl and in methanol-O.OlN NaOH 
(see Figure 2 and Figure 3). 
Infrared spectra of the pigment and of prodigiosin from 
Serratia marcescens strain Nima were obtained on samples 
purified by column chromatography on diatomaceous earth 
and converted to perchlorates by dropwise addition of 
5% HCIO^ to hot acetone solutions. The crystalline per­
chlorates were washed with dilute HCIO^ and with water and 
were dried over PgOg in a vacuum dessicator. Spectra 
were obtained on KBr pellets (Figure 4), 
Production of pigment as a function of time by strain 
933 in the dual chamber was determined as follows : A 
separate dual chamber was incubated at room temperature in 
the dark for each time period studied ( see Figure 5). 
Figure 2. Ultraviolet-visible spectra of 933/WCP pigment 
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At the proper time, the pigmented 933 cells from each 
chamber were harvested by scraping from the agar with a 
rubber spatula. Pigment was extracted from the cells as 
described for prodigiosin in the General Methods. Pro­
duction of pigment was followed spectrophotometrically at 
-4 540 my. From the value e = 11.0 x 10 from Hubbard and 
Rimington (7) for prodigiosin, the amount of prodigiosin 
was plotted as a function of time. For each time period 
duplicate experiments were performed. 
Study of the Incorporation of some 
Possible Precursors into Prodigiosin 
For studies of the incorporation of C-14 from labelled 
proline, glycine, and glucosamine into prodigiosin, cultures 
of S. marcescens strain 933 and strain WCF were grown 
simultaneously in the dual chamber already described. Under 
these conditions, prodigiosin produced by strain 933 was 
derived from its own MBC and from MAP supplied to it by 
strain WCF through volatilization and transfer across the 
vapor space within the chamber. 
Percent utilization of isotope for synthesis of pro­
digiosin by strain 933 in the dual chamber was compared with 
its utilization for synthesis of cell protein by both strains 
for two sets of experiments. In one set of experiments the 
isotopically-labelled suspected precursor was supplied to 
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strain WCF. In another set of experiments, the labelled 
suspected precursor was supplied to strain 933. 
Utilization of C-14 Labelled Compounds 
Supplied to WCF Cells 
At the time of inoculation, 20 yc of isotope with the 
appropriate amount (see Table 1) of carrier was added to 
the WCF cells in the dual chamber. The cells were allowed 
to grow in the dark at room temperature for 4 days. At the 
end of this time the 933 cells containing the red pigment 
prodigiosin were harvested by centrifugation. The prodigiosin 
was isolated and purified by column chromatography as 
described under General Methods. The concentration of 
prodigiosin was determined at 540 my in chloroform containing 
1 per cent acetic acid and using the molar extinction 
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coefficient E = 11,0 x 10 , determined by Hubbard and 
Rimington (7), Aliquots of this chloroformic solution were 
plated and counted in a windowless gas flow-counter 
(Efficiency 39%), The sample and background were counted 
long enough to bring the standard deviation for the corrected 
count down to +5 per cent. Data on incorporation by strain 
933 into prodigiosin of L-proline-C-14 (U), DL-proline-
carboxyl-C-14, glycine-2-C-14 and D-glucosamine-l-C-14 
supplied to WCF cells are presented in Table 1. Data on in­
corporation of isotope into the cell protein of WCF cells and 
933 cells in the same experiments were obtained as follows: 
Table 1. Incorporation of C-14 into prodigiosin from labelled compounds supplied 
to WCF cells 
C-14-labelled Amount 
compounds mg 
Total activity Specific 
(counts/min) activity 
Specific 
activity 
of labelled of 
compound prodigiosin 
(counts/min/ (counts/min/ 
mg carbon) mg carbon) 
Utilization 
(%) 
L-proline-
C-14 (U) 44.00 
DL-proline-
l-C-14 44.00 
17.30 X 10® .7.58 X 10^ 
17.30 X 10® 7.58 X 10^ 
11.53 X 10' 1.52 
Glycine-2-
C-14 131.65* 17.30 X 10® 4.10 X 10^ 5.50 X 10 1.34 
D-Glucosamine-
l-C-14 51.38** 17.30 X 10® 8.45 X 10^ 10.00 X 10 1.18 
1.65 mg of glycine-2-C-14 was added and it was calculated from the 
composition of bacto-neopeptone that 130 mg of glycine was present in the 
medium. 
** 
1.38 mg of glucosamine-1-C-14 was added,and 50 mg of glucosamine was 
added as carrier, ' 
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cells were washed from the agar with 0,9% NaCl and the protein 
samples were prepared for counting according to the procedure 
described in the General Methods, The protein determination 
was carried out according to the Lowry reaction described also 
in the General Methods. Table 2 presents data on utiliza­
tion of the labelled compounds (L-proline-C-14 (U), DL-
proline-carboxyl-C-14, glycine-2-C-14 and D-glucosamine-1-
C-14) for synthesis of prodigiosin by strain 933 and of 
cellular protein by both strain WCF and strain 933 when 
the isotope was added to the WCF cells. 
Utilization of C-14 Labelled Compounds 
Supplied to 933 Cells 
At the time of inoculation, 20 yc of isotope with the 
appropriate amount of carrier (see Table 3) was added to the 
933 cells in the dual chamber. After 4 days of growth in 
the dark at room temperature, the pigmented 933 cells were 
harvested by centrifugation. The prodigiosin was isolated 
and purified by column chromatography as previously 
described in the General Methods. Prodigiosin was determined 
at 540 my in chloroform containing 1 per cent acetic acid 
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using the molar extinction coefficient E = 11.0 x 10 . The 
pigment was then plated as an infinitely thin layer and its 
radioactivity measured in a windowless gas flow counter 
(efficiency 39%). All samples were counted to + 5%. Data 
Table 2, Utilization by strains 933 and WCF of C-14-
labelled compounds supplied to strain WCF 
C-14-labelled Amount 
compounds mg 
Specific Activity Specific Activity 
of labelled of prodigiosin 
compounds c/min/mg 
c/min/mg 
L-proline-C-14 3 (U) 44.00 3.94 X 10^ 7.57 X 10^ 
DL-proline-l-C- 5 
14 44.00 3.94 X 10^ 0 
Glycine-2-C- < 3 
14 131.65* 1.31 X 10^ 3.55 X 10^ 
D-Glucosamine- c 
l-C-14 51.38** 3.37 X 10 5 6.60 X 10^ 
1.65 mg of glycine-2-C-14 was added and it was calcu­
lated from the composition of bacto-neopeptone that 130 mg 
of glycine was present in the medium. 
** 
1.38 mg of glucosamine-1-C-14 was added and 50 mg 
of glucosamine was added as carrier. 
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Specific Activity Specific Activity 
of WCP cell of 933 cell Utilization % 
protein protein Prodigiosin WCF 933 
c/min/mg c/min/mg 
1.77 X 10^ 2.92 X 10^ 1.92 4.49 0.07 
8.55 X 10^ 2.48 x 10^ 0 2.17 0.06 
9.59 X 10^ 1.33 X 10^ 2.71 73.20 0.10 
1.52 X 10^ 2.52 X 10^ 1.96 4.51 0.06 
Table 3. Incorporation of C-14 into prodigiosan from labelled compounds supplied 
to 933 cells 
C-14 labelled Amount Total activity 
compounds mg (counts/min) 
Specific 
activity 
of labelled 
compound 
(counts/min/ 
mg carbon) 
Specific 
activity 
of 
prodigiosin 
(counts/min/ 
mg carbon) 
Utilization 
(%) 
L-proline-C-
14(U) 44.00 17.30 X 10' 7.58 X 10 10.40 X 10 13.75 
Dl-proline-1-
C-14 44.00 17.30 X 10" 7.58 X 10^ 4.09 X 10* 5.41 
Glycine-2-
C-14 131.65* 17.30 X 10' 4.10 X 10^ 11.08 X 10* 27.00 
D-Glucosamine-
l-C-14 51.38** 17.30 X 10 8.45 X 10^ 13.40 X 10^ 1.58 
1.65 mg of glycine-2-C-14 was added and it was calculated from the composition 
of bacto-neopeptone that 130 mg of glycine was present in the medium. 
* * 
1.38 mg of glucosamine-1-C-14 was added and 50 mg of glucosamine was added 
as carrier. 
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on the incorporation into prodigiosin of L-proline-C-14(U), 
DL-proline-carboxyl-C-14, glycine-2-C-14 and D-glucosamine-l-
C-14 supplied to the 933 cells are presented in Table 3. 
The incorporation of labelled compounds into the cellular 
protein of WCF mutant and 933 mutant was determined in the 
corresponding TCA-protein precipitates obtained through 
the procedure described in General Methods. Protein deter­
mination was also accomplished on the TCA-protein precipitates 
according to the Lowry reaction described before. 
Table 4 presents data on the utilization of the same 
labelled compounds into prodigiosin and into the cellular 
protein of WCF mutant and 933 mutant when the isotope was 
supplied to the 933 cells. 
Utilization of L-proline-C-14(U) in Strain OF 
Two-liter Erlenmeyer flasks containing 400 ml of 
Harned's medium were inoculated with 2 ml of a 20-hr Williams' 
inoculum of OF mutant. At the time of inoculation, 20 yc of 
L-proline-C-14(U) with 50 mg of L-proline as carrier was 
added to the medium. After two days of shaking at room 
temperature the cells were harvested from the broth by 
centrifugation. The culture filtrate was extracted three 
times with half volumes of ethyl ether. The combined ethyl 
ether extracts were dried over anhydrous NagSO^ overnight. The 
NagSO^ was filtered off and the ether extract was concentrated 
Table 4, Utilization by strain 933 and WCF of C-14 labelled 
compounds supplied to strain 933 
r- T A Amount Specific Activity Specific Activity 
C-14-labelled ^ labelled of prodigiosin 
compound c/min/mg 
c/min/mg 
compounds 
L-proline-c- ^ 
14(U) 44.00 3.94 x 10" 6.87 x 10 
DL-proline-1- ^ 
D-glucosamine- g 
4 
C-14 44.00 3.94 x lO"' 2.72 x 10 4 
Glycine-2-C-14 131.65* 1.31 x 10^ 7.40 à 10* 
l-C-14 51.38** 3.37 x lO"' 8.87 x 10 3 
1.65 mg of glycine-2-C-14 was added and it was calcu­
lated from the composition of bacto-neopeptone that 130 mg 
of glycine was present in the medium. 
** 
1.38 mg of glucosamine-l-C-14 was added cind 50 mg of 
glucosamine was added as carrier. 
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Specific Activity Specific Activity 
of WCF cell of 933 cell Utilization 
protein protein 
c/min/mg ; c/min/mg Prodigiosin WCF 933 
0.90 X 10^ 1.13 X 10^ 17.42 0.02 2.87 
2 3 0.46 X 10^ 6.62 X 10^ 6.91 0.01 1.68 
1.76 X 10^ 5.78 X 10^ 56.50 0.13 39.50 
6.12 X 10^ 1.94 X 10^ 2.63 0.18 5.75 
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to a small volume in vacuum at 30®C. The concentrated 
o ; 
solution (5 ml) was streaked on Whatman N~"l paper (51.5 x 
46,5 cm) on a line 2.5 cm from the bottom. The chromatogram 
was developed for 24 hours at room temperature in n-Butanol: 
IN ammonia (50:50). 
Reaction with spray reagents When a strip of the 
paper chromatogram was sprayed with Ehrlich reagent, five 
positive areas were revealed: a reddish pink band Rf=0.93, 
a pink band Rf=0.66, a pink band Rf=0.53, a green band 
Rf=0.36 and a pink band Rf=0.18, 
Ferric chloride spray (1.0 gr of ferric chloride in 
100 ml of deionized water) gave two positive areas on the 
paper chromatogram: a wide dark blue band Rf=0.79 and a 
narrow dark blue band Rf=0,36. Control chromatograms of 
ether extracts of WCF culture filtrate gave negative 
reaction with ferric chloride reagent, 
Ninhydrin spray (200 mg of ninhydrin in 100 ml of 
ethanol 95%) gave no color even after heating the sprayed 
chromatogram, Isatin spray (200 mg of isatin in 100 ml 
acetone) gave no color even after heating for 10 min in HgO 
saturated oven at 70-76® (1). 
Radioautochromatograms Chromatograms were placed 
against a sheet of Kodak No-screen X-ray film for 3 weeks. 
The film was developed and six radioactive bands were shown 
with the following Rf values: 0.93, 0.79, 0.66., 0.53, 0.36, 
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and 0.18, Major radioactive areas were the band at Rf=0.93, 
the band at Rf=0.79, and the band at Rf=0,36, A typical 
radioautochromatogram is shown in Figure 6. 
Eluates from paper chromatograms The areas corres­
ponding to bands Rf=0,93, Rf=0.79, and Rf=0,36 from the paper 
chromatograms were cut crosswise into strips. Each strip 
was cut into small pieces and eluted with 5 ml absolute 
methanol. The electronic absorption spectrum of the band 
Rf=0.93 in methanol-0.0IN HCl showed a peak at 528 my 
(Figure 7), The ultraviolet spectrum of band Rf=0.79 in 
methanol-0.OIN HCl showed a sharp peak at 315 my (Figure 8). 
The ultraviolet spectrum of band Rf=0,36 in methanol-
O.OIN HCl showed a broad peak at 358-360 my (Figure 9). 
Mass spectra The mass spectrum of band Rf=0.79 was 
obtained with an Atlas CH4 mass spectrometer using a T04 ion 
source. The sample was eluted from the paperchromatogram with 
absolute methanol and then adsorbed on silica gel. The mass 
spectrum of band Rf=0.79 is shown on Figure 10. 
Biological assay A 2 cm strip was cut lengthwise 
from the center of a chromatogram and laid on the surface of 
a 24 hour Williams' agar culture of the white mutant WCF 
grown in a Pyrex baking dish 23 x 38 cm. In previous work in 
this laboratory the feeding-factor of strain OF would show a 
red color within an hour under these conditions. In this 
Figure 6, Radioautochromatogram from ether extract of strain OP grown 
in L-proline-C-14(U) 

Figure 7. Ultraviolet spectrum of band Rf=0. 
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investigation, no feeding-factor could be detected on any 
paperchroitiatogram from OF culture filtrate. 
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RESULTS AND DISCUSSION 
The incorporation of isotopes from labelled compounds 
into prodigiosin by Serratia marcescens has been studied by 
Hubbard and Rimington in England (7), by Marks and Bogorad (9) 
and Shrimpton et al. (15) at the University of Chicago, and by 
Santer, Wasserman, and co-workers at Yale (16, 17). These 
investigations have been described in the Review of 
Literature section. Although one pathway for formation of 
the pyrrole rings (namely, the "standard" porphobilinogen 
pathway via delta-aminolevulinic acid) has been proposed 
and then evidently eliminated by investigations prior to 
this thesis, no new pathway has yet been discovered. 
Furthermore, the most extensive isotope experiments, those 
of Bogorad's group, seem to imply that the pathways for 
pyrrole ring synthesis in the monopyrrole moiety, 
2-methyl-3 amyl pyrrole(MAP), and in the bipyrrole moiety 
4-methoxy-2-2'-bipyrrole-S-carboxaldehydeCMBC), are 
substantially different. This implication is not surprising 
when one considers the difference in substituents on the 
three pyrrole rings in prodigiosin. 
In all of the previous work, simple compounds such as 
acetate, glycine or proline were supplied as the source of 
isotope to a medium in which the organism was grown for at 
least several days. It was hoped at the outset of this in­
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vestigation to utilize a resting cell suspension to simplify 
the conditions under which the isotope is incorporated into 
prodigiosin, but prodigiosin synthesis in resting cell 
suspensions was unpredictable and unsatisfactory in our 
hands. We then resorted to a growing cell culture arranged 
in such a way that two mutants of limited pyrrole synthetic 
ability could be studied simultaneously. Strain WCF has 
been shown to produce the volatile MAP (16) but is blocked 
for MBC production; Strain 933 has been shown to produce 
the non-volatile MBC (14) but is blocked for MAP production. 
The pair WCF/933 was chosen for this investigation. 
Various prodigiosin-like pigments have been isolated 
from strains of Serratia marcescens under certain conditions, 
and, indeed, when prodigiosin itself is isolated from wild-
type strains, several additional bands appear when the 
crude prodigiosin is chromatographed. To be able to draw 
conclusions about metabolic pathways leading to prodigiosin 
it is important to establish that the major labelled pigment 
isolated under the conditions of the experiment is actually 
prodigiosin. The pigment produced by pairs of mutants grown 
together in the same medium, where one mutant can supply 
metabolites to the other, has been called syntrophic pigment. 
Syntrophic pigment produced by several mutant pairs has been 
studied in this laboratory (10), and that from the pairs OF/H462 
and WCF/n-462 has been shown to be identical to prodigiosin 
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(18). Although it was logical to assume that the pigment 
produced by strain 933 when grown in the dual chamber along 
with strain WCF would be prodigiosin under the conditions 
of these experiments, the purified pigment was compared 
spectroscopically to authentic prodigiosin purified from 
£. marcescens strain Nima. The ultraviolet-visible spectra 
of the WCF/933 pigment and of authentic prodigiosin may be 
compared in Figure 2 and Figure 3, The infrared spectra of 
the perchlorate salts of the WCF/933 pigment and of pro­
digiosin may be compared in Figure 4, The identity of the 
two infrared spectra is sufficient to characterize the 
isolated pigment as prodigiosin. 
It was desirable to run incorporation experiments long 
enough to get good pigment production but not to prolong 
them beyond this point. It is evident from Figure 5 that 
prodigiosin production in the dual chamber had reached its 
maximum by about 4 days, the time chosen for the incorporation 
experiments, 
Proline-C-14 labelled and glycine were chosen for study 
because of the previous work by other investigators with these 
compounds in other systems. Since one of the purposes of 
this work was to develop the dual chamber system for future 
studies with hopefully more active intermediates, it was 
desirable to "calibrate" the dual chamber with simple pre­
cursors already studied in other systems. Proline labelled 
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with C-14 exclusively in the pyrrolidine ring was not avail­
able to us in time for these studies, so uniformly labelled 
proline was used for comparison with carboxyl-labelled 
proline 
Results of the incorporation experiments are presented 
in Tables 1-4. Note that Tables 1 and 2 contain data from 
the set of experiments in which the labelled compounds was 
supplied to strain WCF; Tables 3 and 4 contain data from the 
set in which the labelled compounds was supplied to strain 
933. Note also that in Table 1 and 3, the specific 
activities of the compounds added and of the prodigiosan 
isolated are based on weight of carbon in the compound only. 
In Tables 2 and 4, where incorporation into "cell protein" is 
also presented for comparison, specific activities are 
reported as count/min/mg of total compounds. Thus the 
figures for per cent utilization of isotope in prodigiosan 
biosynthesis for the same experiment differ slightly in 
Tables 1 and 2; likewise for the same experiments reported 
in Tables 3 and 4. 
Although routes to the pyrrole rings of prodigiosin 
have not yet been elucidated, it is well established from 
studies with mutants of £. marcescens that prodigiosin is 
formed in two steps: a) the formation of the bipyrrole MBC 
(ring I and ring II) and b) the condensation of the bipyrrole 
with independently synthesized MAP (see Figure 1); the latter 
53 
constitutes ring III of prodigiosin. The data presented in 
Table 1 and Table 3 indicate that isotope from proline-C-14(U) 
is incorporated into each of the final precursors of pro­
digiosin, although the isotope was utilized with less 
dilution when it was supplied to strain 933 than when it 
was supplied to strain WCF. The data presented in Table 4 
show that isotope from proline-C-14(U) was incorporated 
into prodigiosin with 17.42% efficiency and with only 2.87% 
efficiency for the synthesis of 933 cellular protein. These 
values give a ratio = 6.04 that indicates 
clearly that proline is a relatively good precursor for 
the bipyrrole moiety prodigiosin. From the results of 
Table 1 there is no doubt that proline-l-C-14 is not utilized 
for mohopyrrole formation (ring III), since the prodigiosin 
obtained was unlabelled when isotope was supplied in this 
form to WCF cells. However, the carboxyl carbon atom of 
proline was incorporated into prodigiosin with an efficiency 
of 5.41% when proline-l-C-14 was supplied to 933 cells (see 
Table 3). Since the carboxyl-labelled compound was supplied 
in the racemic form, if only the L-form were utilized for 
synthesis of prodigiosin, the difference in utilization of 
isotope between uniformly-labelled and carboxyl-labelled 
proline by strain 933 would be relatively slight. Perhaps 
only the proline carboxyl carbon atom is used for MBC 
synthesis, and as a single carbon unit after it has been re­
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moved fror. proline. The carboxyl carbon might thus be 
providing the aldehyde group of MBC. Shrimpton et al, 
(15) reported that DL-proline-l-C-14 was utilized by strain 
933 for the synthesis of MBC with an efficiency of 36%. 
The earlier obseirvations of Hubbard and Rimington (7) 
and of Marks and Bogorad (9) that the methyl carbon of 
glycine was utilized in prodigiosin biosynthesis have been 
confirmed in this work. Data from Table 1 and Table 3 show 
that glycine-2-C-14 was incorporated into the two portions 
of prodigiosin studied here with an efficiency of 1.34% 
and 27%. These results are not in agreement with those of 
Shrimpton, Marks and Bogorad (15) who reported that the 
methyl carbon of glycine was utilized with equal efficiency 
in the formation of the two portions of the prodigiosin 
molecule. Furthermore, the data reported here seem to 
indicate that while glycine may be a slightly better pre­
cursor than proline for MBC, the two compounds are about 
equally effective in supplying isotope to MAP. Firm con­
clusions can of course not be drawn without studies on the 
relative rate of incorporation of isotope into the compounds 
under consideration. 
Glucosamine was considered as a possible precursor to 
prodigiosin because of some preliminary experiments in this 
laboratory on the stimulation of prodigiosin production in 
temperature-inhibited cultures of S, marcescens strain Nima, 
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Cultures can be grown at 37® and the non-pigmented cells 
washed and suspended at 27® in saline containing no nutrients. 
Under these conditions, certain compounds will stimulate the 
formation of the red pigment prodigiosin, to a greater ex­
tent than others. D-glucosamine was one of the most 
effective compounds in stimulating prodigiosin production. 
Furthermore, there are known vitro (4) and vivo (12) 
reactions by which glucosamine is converted to pyrrolic 
compounds. One of these is the basis for the Elson-Morgan 
color reaction for determination of hexosamines. This 
reaction involves successive treatment of 2-amino-2-deoxy-
D-glucose or 2-amino-2 deoxy-D-galactose with alkaline 
2,4-pentanedione and the Ehrlich reagent to produce a red 
color. The nature of the pyrrolic chromogen formed is not 
well known, but 2-methypyrrole and 3-acetyl-2-methylpyrrole 
have been isolated and characterized as the major chromogen 
(3). A pyrrole derivative (ethyl ester of 2-methy1-5-
(D-arabino-tetrahydroxybutyl)-3-pyrrolecarboxilic acid) 
formed from D-glucosamine and aceto-acetic acid has been 
isolated from the urine of diabetics (12). D-glucosamine 
labelled in the carbonyl group with C-14 was available for 
these experiments. Table 1 indicates that utilization of 
the carbonyl-C-14 of glucosamine for MAP synthesis is of 
the same order of magnitude as utilization of the proline-
C-14(U) or the glycine-2-C-14. This finding does not 
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implicate glucosamine as a relatively specific presursor 
of MAP; on the contrary, it begins to cast doubt on the 
simple hypothesis of conversion of the pyrrolidine ring 
of proline directly into the pyrrole ring of MAP. Via 
glycolysis, the carbonyl group of hexoses and hexosaraines 
goes to the methyl carbon of pyruvate and hence to the 
methyl carbon of acetate. Via 3-phosphoglycerate it also 
goes to the beta-carbon of serine and into "CI" meta­
bolism. The results described in Table 2 and Table 4 
show that the isotope from glucosamine-l-C-14 was in­
corporated into prodigiosin via both MAP and MBC, but to a 
lesser extent than for the synthesis of cellular protein 
of strains 933 and WCF. "Cellular protein" as the term 
is used includes any hexosamine-containing components of 
the bacterial cell wall that are solubilized in alkali 
and precipitated by trichloro-acetic acid. 
An attempt was made to isolate a labelled metabolite 
or labelled degradation product when OP cells were grown 
in the presence of proline-C-14(U). Strain OF was chosen 
for this experiments because although synthesis of its pig­
ment is slowed down by a block in o-methylation to MBC, it 
does produce both a bipyrrole and MAP. From the paper-
chromatograms obtained from these experiments it was possible 
to identify: a) the band Rf=0.93 as norprodigiosin, the 
orange pigment produced by strain OF and b) the band 
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Rf=0.36 as 4-hydroxy-2,2'-bipyrrole-5-carboxaldehyde(HBC), 
the bipyrrole accumulated by strain OF. 
The ultraviolet-visible spectrum in acid of the eluate 
from band Rf=0.93 showed an absorption peak at 528 my (see 
Figure 7). Medina-Castro (11) has reported the same absorption 
maximum for pure norprodigiosin. The labelled OF cells 
were saved for degradation studies on norprodigiosin to 
be reported in another thesis (11). The ultraviolet spectrum 
in acid of the eluate from band Rf=0,36 showed a large peak 
at 358-360 my (see Figure 9) that corresponds to the same 
major absorption maximum Burgus (2) reported for HBC. The 
Rf value and ferric chloride reactions of this labelled 
compound also correspond to those reported by Burgus (2) 
for HBC. The unfortunate failure to detect the biological 
activity of HBC may have been due to the small amount of 
culture filtrate used in these isotope incorporation experi­
ments, Previous work in this laboratory has demonstrated 
that extraction of about 1 liter of strain OF culture filtrate 
is necessary to get a positive reaction for HBC using the 
"feeding-factor" biological assay. It had hoped to show 
that labelled HBC is a very efficient precursor of pro-
digiosin by isolating the prodigiosin produced in the bio-
assay experiment and determining its specific activity. 
The radiochromatograms detected also a strongly labelled 
band Rf=0.79. This Ehrlich-negative band showed a very sharp 
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peak at 315 ray in its acid ultraviolet spectrum (see Figure 
8). According to its mass spectrum this compound has a 
molecular weight of 191, The presence of a phenol or enol 
functional group is indicated since this compound gave a 
dark blue spot when sprayed with ferric chloride. This 
labelled compound Rf=0,79 seems to be characteristic of 
strain OF, It has been detected in OF culture filtrate in 
several cold experiments and it is not found in the culture 
filtrate of strain WCF. Complete characterization of it 
would be desirable, since it may represent a pre-pyrrolic 
precursor or, more likely, a biologically inactive de­
gradation product of a prodigiosin precursor accumulated 
by this mutant. Knowledge of the structure of this compound 
might suggest the nature of early steps in formation of at 
least one of the pyrrole rings in the bipyrrole moiety of 
prodigiosin. 
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SUMMARY 
A dual chamber system was developed for simultaneous 
axenic surface culture of two mutant strains of Serratia 
marcescens with a common vapor space allowing inter­
change of volatile compounds. 
Serratia marcescens strain WCF was grown in one chamber 
of the system to provide volatile 2-methyl-3-amylpyrrole 
(MAP) to strain 933 growing in the other chamber; 
strain 933 produced the bipyrrole 4-methoxy-2-2'-bi-
pyrrole-5-carboxaldehyde{MBC) and coupled MBC and MAP 
to form prodigiosin isolated and identified by its 
infrared spectrum. 
In one set of experiments, isotope in the form of L-
proline-C-14(U), DL-proline-l-C-14, glycine-2-C-14, 
or D-glucosamine-l-C-14 was supplied to strain WCF in 
the dual chamber, and the incorporation into TCA-
precipitable "cell protein" in strain WCF and into 
prodigiosin and "cell protein" in strain 933 was measured. 
In another set of experiments, isotope in the form of 
the same four compounds was supplied to strain 933 in the 
dual chamber, and incorporation into the same fractions 
of the two mutants was measured. 
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In agreement with previous work using other system, 
isotope from the methyl-C of glycine and from ring-C's 
of proline was incorporated into prodigiosin via both 
MAP and MBC; however, the isotope of both compounds 
was utilized to a higher extent into the bipyrrole 
moiety. 
Isotope from the carboxyl-C of proline was incorporated 
into prodigiosin only via MBC. 
Isotope from the carbonyl-C of D-glucosamine was in­
corporated into prodigiosin via both MAP and MBC, al­
though it was used more efficiently for synthesis of 
"cell protein" than for prodigiosin precursors in either 
strain to which it was supplied. 
When supplied to strain WCF, utilization of isotope from 
L-proline-C-14(U), glycine-2-C-14, and D-glucosamine-
l-C-14 was essentially the same for prodigiosin synthesis 
by strain 933, a result which casts doubt on the hypo­
thesis that the pyrrolidine ring of proline is converted 
directly to the pyrrole ring of MAP. 
When supplied to strain OF in liquid shake culture, 
isotope from L-proline-C-14(U) was incorporated into 
norprodigiosin, 4-hydroxy-2,2'-bipyrrole-5-carboxaldehyde 
(HBC), several minor Ehrlich-positive fractions, and ^ a 
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major Ehrlich-negative fraction of an ether extract of 
the culture filtrate. 
In the strain OP extracts, the Ehrlich-negative fraction 
labelled by isotope from L-proline-C-14(U) had a 
Rf=0.79 in N-butanol: N ammonium hydroxide (50:50), and 
a sharp absorption maximum at 315 mp, gave a positive 
color test with ferric chloride and did not stimulate 
pigment formation by strain WCF; the same compound 
was not found in ether extracts of strain WCF culture 
filtrates. 
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